Introduction {#s1}
============

Kinetic perimetry is the method of choice in cases of advanced visual field (VF) deficits,^[@i2164-2591-5-2-5-b01],[@i2164-2591-5-2-5-b02]^ as well as detecting early stages of VF loss. Compared with conventional automated static perimetry, kinetic testing is more sensitive for detecting peripheral VF defects,^[@i2164-2591-5-2-5-b03]^ less tedious and time-consuming (e.g., for subjects with pigmentary retinopathy),^[@i2164-2591-5-2-5-b04]^ more efficient for detection and monitoring progression of steep-edged field defects, has a greater flexibility for dynamic evaluation of the VF, provides more interaction between the examiner and the patient during testing, and the kinetic examination results correlate better with activities of daily living.^[@i2164-2591-5-2-5-b05],[@i2164-2591-5-2-5-b06]^ In some countries, kinetic perimetry is used for qualification for a driver\'s license, assessment of disability, qualification for special support programs for the visually impaired, in the neuro-ophthalmologic evaluation of VF defects (e.g., hemianopsia, quadrantanopsia, concentric constriction), and assessment of retinal diseases affecting the peripheral VF. Kinetic perimetry is preferred over static perimetry for subjects with poor compliance, for evaluation of children, and for the detection of small, multiple VF defects in the periphery, which may be of meaningful clinical relevance.^[@i2164-2591-5-2-5-b07]^

Using manual kinetic perimetry, a high quality assessment of the VF of a patient can be obtained in a short test time by a well-trained, knowledgeable, and experienced perimetrist. This is particularly true for the far peripheral VF. However, the acquisition of these skills and experience in manual kinetic perimetry requires considerable time and experience, up to 1 to 2 years of daily performance. In the Optic Neuritis Treatment Trial where kinetic peripheral testing on the Goldmann perimeter was employed, quality control scores were poorer for kinetic perimetry than for automated static perimetry of the central VF, in spite of a documented protocol, technician training and certification, and immediate feedback on testing procedures.^[@i2164-2591-5-2-5-b08]^ This illustrates the difficulties that can be encountered when all aspects of kinetic testing cannot be completely standardized for manual evaluations, even when careful and thorough protocols are employed and feedback is provided. In this view, better results with a shorter learning time may be expected using semiautomated kinetic perimetry (SKP), with the Octopus 900 perimeter (Haag Streit AG, Koeniz, Switzerland). SKP allows computer-controlled standardized presentation for any chosen Goldmann stimulus size-intensity combination, in any direction over the entire VF, with predefined starting and ending points for the stimulus vectors and constant angular velocities. Through computer control of stimulus presentation, SKP enables certain variables that affect performance of the examination to be made less dependent on the skills and experience of the perimetrist, thereby improving consistency and standardization of testing. Another benefit of kinetic testing using SKP is the ability to assess the reaction time (RT) for the subject for each VF session and subsequently to correct the position of the response on the basis of the individual RT of the subject. The advent of automated static perimetry has resulted in greater consistency, reliability, standardization, analysis and interpretation of VF results, but attempts to achieve automated kinetic perimetry have only recently been achieved.

Each kinetic VF should include at least three or four isopters drawn from the list of stimulus parameter sizes, luminance levels, and angular velocities that best define the full extent of the VF.^[@i2164-2591-5-2-5-b01]^ An understanding of the averages, standard deviations (SD), and ranges of age-adjusted normal values for the different stimulus parameters used for kinetic testing, and the test--retest variability of each of the stimulus parameter combinations is essential for distinguishing pathological VFs from normal variability. In this study, the VF was examined with seven different isopters and 24 stimulus presentations per isopter (except for the I/1e and I/1a isopters, which used 12 stimulus presentations per isopter due to space limitations) to fully characterize this relationship for SKP. To our knowledge, this study represents the first published report of normative values for of the entire VF for SKP using the Octopus 900 perimeter.

Automation of kinetic perimetry testing provides greater standardization of this VF procedure, similar to the improvements achieved with automated static perimetry. To provide further standardization of the testing and analysis of automated kinetic perimetry results, it was determined that a mathematical model should be produced from the results obtained from this investigation. The mathematical model created from our findings describes the age- and RT-corrected normative values for the entire VF, thus allowing the local threshold values of ophthalmologically healthy subjects to be quickly recognized from and compared to patients with VF defects.

Methods {#s2}
=======

Subjects {#s2a}
--------

Following explanation of the study and the procedures that participants would undergo, written informed consent was obtained from all subjects. The study followed the tenets of the Declaration of Helsinki. In addition, written informed consent was obtained from the legal guardian for those under legal age. The study was approved by the ethics committee of the local institutional review board.

Detailed ophthalmological and general medical histories were recorded and a comprehensive ophthalmological examination on each participant was performed that included visual acuity, intraocular pressure (IOP), a color vision test (Ishihara and Standard Pseudoisochromatic Plates = SPP), slit-lamp biomicroscopic fundoscopic examination, and blood pressure measurement.

Inclusion criteria of this study consisted of:

Maximum spherical refraction of ±6 diopters (D), maximum cylindrical refraction of ±2 D; distant visual acuity greater than or equal to 1.0 logMAR \[20/20\] for subjects up to 60 years, greater than or equal to 0.8 logMAR \[20/25\] for subjects from 61 to 70 years, greater than or equal to 0.63 logMAR \[20/30\] for subjects older than 70 years; isocoria, pupil diameter greater than 3 mm; IOP (air pulse tonometer) less than or equal to 21 mm Hg; normal anterior segments, ocular fundus: normal appearance of the cup to disc ratio (CDR) less than or equal to 0.5, interocular difference of CDR less than 0.3; and a normal macular region, retinal vessels, and peripheral retinal examination (with undilated pupils).

Exclusion criteria consisted of:

Amblyopia, strabismus, ocular motility disorder, diseases of the retina, glaucoma, glaucoma suspect, macular degeneration, IOP greater than 21 mm Hg, abnormal color vision test (ISPP - Ishihara and Standard Pseudoisochromatic Plates = SPP), history or findings of other neuro-ophthalmological disease, relevant opacities of the central refractive media (cornea, lens, vitreous body), use of miotic drugs, intraocular surgery (except uncomplicated cataract surgery, more than three months previous to testing), keratorefractive surgery (LASIK), drugs influencing reaction time, drugs indicating severe general diseases (antidiabetic pharmaceuticals and antihypertensive medication were allowed for subjects older than 70 years), neurologic conditions, pregnancy, nursing, acute infections, heavy smoking (\>10 cigarettes/day), alcohol abuse, diabetic retinopathy, coronary heart disease, stroke, migraine, Raynaud\'s syndrome, and suspected lack of cooperation and attention, based on results from the ophthalmologic examination.

Fourteen subjects (two subjects for each of seven age groups, five males and nine females) were examined two more times, at 8-week intervals (0, 8, 16 weeks) to assess test--retest variability. Seven right eyes and seven left eyes were examined for this segment of the investigation.

Examination Procedure {#s2b}
---------------------

In 2007, Haag Streit AG introduced the Octopus 900 perimeter, which compared with its predecessor, the Octopus 101, is characterized by a smaller cupola radius of 300 mm and higher stimulus luminance values (up to 1260 cd/m^2^ or 3970 apostilbs). A major advantage of the Octopus 900 perimeter is that kinetic and static examinations of the entire VF can be performed using the same instrument.

One eye per subject (41 right, 45 left eyes) was included in the study.

Depending on refraction and age, near corrective lenses were provided for testing the central 30° field (isopters I/1e at 3°/s, I/1a at 2°/s). If needed, a brief rest break lasting at most a few minutes, was given between testing the central 30° and peripheral (30°--80°) VF. We used the following seven combinations of Goldmann stimulus sizes, stimulus luminance levels, and angular velocities that are presented in [Table 1](#i2164-2591-5-2-5-t08){ref-type="table"}.

###### 

Stimulus Conditions Employed for This Investigation
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The peripheral five isopters, consisting of 24 vectors (every 15° meridian), were presented in random order, while the innermost isopters (I/1e and I/1a) consisted of 12 vectors (every 30° meridian) as represented in [Figure 1](#i2164-2591-5-2-5-f01){ref-type="fig"}. If 6 of any of the 12 stimulus presentations were not seen, testing of this isopter was abandoned. The stimuli moved radially from the periphery toward the center. The start and end points for each vector were predefined to produce shorter examination durations. Vectors with stimulus size V/4e start at the outer border region of the normal VF. Vectors for the examination of isopter III/4e, I/4e, I/3e, I/2e, I/1e, and I/1a originated where the previous isopter finished or, depending on its extent, two-times the SD of the average age-related normal values for the Octopus 101. The stimulus moved along this vector and was controlled electronically. Participants were asked to press the response button as soon as the moving stimulus was perceived. This location was recorded and depicted with an arrowhead for each vector. The program was interrupted if the participant kept the button pressed for longer than several seconds duration. A representative example of results obtained for one healthy control subject is presented in [Figure 1](#i2164-2591-5-2-5-f01){ref-type="fig"}.

![Representative example of a healthy subject with the six examined isopters (the *red double headed arrows* show the RT vectors).](i2164-2591-5-2-5-f01){#i2164-2591-5-2-5-f01}

The subjects\' response was adjusted according to the individual\'s RT, which was defined as the time between the start of a static suprathreshold stimulus presentation and the subjects\' response. The RT was tested with 12 stimuli using the III/4e target at 5°/s. These RT vectors were presented twice along the horizontal nasal (0°), oblique (45°), and inferior (270°) meridian at an eccentricity of 10° and 30° (in [Fig. 1](#i2164-2591-5-2-5-f01){ref-type="fig"}, the double-head red arrows indicate the RT vectors). If a subject was not attentive, the individual stimulus presentation along the reaction time vectors could be repeated once.

Instrument {#s2c}
----------

The background luminance of the cupola of the Octopus 900 perimeter was automatically adjusted to 10 cd/m^2^ (9.57--11.49 cd/m^2^) or 31.5 apostilbs. The maximum stimulus luminance was 1260 cd/m^2^ (3970 apostilbs). The stimuli were presented in random order with a maximum eccentricity of 90° radius in the temporal region of the VF.

Pupil characteristics and eye movements were monitored during the examination by the image produced from an infrared camera inside the cupola. The program discontinued stimulus presentations in the case of eyelid closure or fixation breaks. Fixation monitoring was set to the minimum, meaning that eye movements were allowed to within 3 mm (∼2°) from fixation. The examiner corrected the subject\'s eye and head position manually if necessary.

Analyses {#s2d}
--------

The blind spot area was excluded from the analyses. If the stimulus crossed the vertical midline prior to a response, or if the distance between the beginning and end of a kinetic scan was greater than 30°, the results were excluded. This occurred for nine of the scans for the 1/1a stimulus (2°/s) and for 147 total kinetic scans for all stimuli. These vectors were drawn by hand and were irregular. The results of left eyes were converted into a right eye format for consistency of interpretation.

For the analysis of the kinetic data, we used the JMP software package (version 7.0.1; SAS Institute Inc., Cary, NC) and Program R (A Language and Environment for Statistical Computing; Development Core Team, Foundation for Statistical Computing, Vienna, Austria, 2010, ISBN: 3-900051-07-0, <http://www.R-project.org>).

Model {#s2e}
-----

We created an age-related and RT-corrected mathematical model, which consisted of a stepwise multiple linear regression mixed-effects model. For the model, the independent variables were age, visual angle (cosine α, sine α), stimulus size, stimulus luminance, stimulus speed (size, luminance, Speed = SLS) and their interactions. Sine (angle), sine (2× angle), cosine (angle), and cosine (2× angle) describe the elliptical shape and sine (angle) × cosine (2× angle) the typical shape of the isopters. In association with the stimulus size and stimulus luminance, these interactions characterize the effects of the facial profile and the temporal extension.^[@i2164-2591-5-2-5-b04]^ A detailed description of the components of the model is included in Appendix A.

Results {#s3}
=======

Participants/Examination {#s3a}
------------------------

We examined the full kinetic VF of 86 ophthalmologically healthy subjects (34 males, 52 females, aged between 11 and 79 years, with 10--14 participants per decade of age). Seventy of 86 subjects had already undergone static VF testing in another investigation before being examined in this study. Additionally, 16 healthy individuals, without any perimetric experience, were recruited by friends or relatives of the voluntary participants.

One of the 86 subjects was excluded from the analysis because of an elevated CDR of 0.6. Eighty-five participants (33 males, 52 females) were analyzed, as indicated in [Table 2](#i2164-2591-5-2-5-t08){ref-type="table"}. Isopter I/2e at 3°/s was excluded from the analysis of two subjects (age groups III and VII) because of software difficulties. In one subject (age group VII), because of loss of concentration and interest, the analysis was restricted to the four peripheral isopters only.

###### 

The Number, Sex Ratio, Mean Age, SD, Median Age, Per Decade of Age, of the (Analyzed) Participants in Each Cohort (→ One Male, Second Decade of Age was Excluded)
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Reaction Time (RT) {#s3b}
------------------

We fitted the data to a model that estimated the RT. The mean estimated RT (based on the multiple RT measures obtained at 10° and 30° eccentricity along the nasal, 45° oblique and 270° inferior meridians at 5°/s.) was 393 ms (range, 350--522 ms; median 377 ms). The shortest RT was found in the third age group (30--39), whereas the largest one was in the oldest age (VII, ages 70--79). We observed a decrease of the RT from the first to the third age group, followed by an increase as shown in [Figure 2](#i2164-2591-5-2-5-f02){ref-type="fig"}. The median RT at 10°eccentricity was 356 ms and at 30° eccentricity 391 ms. We observed an average increase of the RT of 1.74 ms/°. Subjects\' responses were adjusted by the individual RT.

![Reaction time (RT) depending on age (the *black line* in the middle shows the predicted RT). Each *gray circle* shows the subjects\' RT for the different stimuli. The *dashed lines* present the 95% confidence limits, in which the mean individual RT can be expected.](i2164-2591-5-2-5-f02){#i2164-2591-5-2-5-f02}

Model {#s3c}
-----

An age-adjusted and RT-corrected mathematical model was created. The fit was satisfactory (*r*^2^ = 0.94), indicating that 94% of the measured variance is explained by this model. The adjusted *r*^2^ was identical with this data (because of few parameters used for the model in comparison to the large amount of data). A summary of the model is presented in Appendix A, and details are provided in Appendix B.

Ageing {#s3d}
------

The extent of the six RT-corrected isopters for the nasal meridian as a function of age are depicted in [Figure 3](#i2164-2591-5-2-5-f03){ref-type="fig"}. For the largest and most intense stimuli (V/4e and III/4e), and the smallest stimulus size and luminance (I/1a) the maximum eccentricity for detection continuously declined with increasing age. For stimulus sizes I/3e, I/2e, and I/1e there was a slight increase in the maximum eccentricity of detection up to the second age group, with a subsequent continuous decline for older ages. The age-related decline was negligible for the largest and most intense stimuli, but was up to approximately 15° for the I/3e and dimmer stimuli. [Figure 4](#i2164-2591-5-2-5-f04){ref-type="fig"} presents the average normal isopter locations for the younger (10--40), middle (40--70), and older (70 and older) age groups.

![The graphs demonstrate the extent of the six reaction time-corrected isopters along the nasal meridian as a function of age.](i2164-2591-5-2-5-f03){#i2164-2591-5-2-5-f03}

![The normal isopters for the three age groups (10- to 40-, 40- to 70- and over 70-years old).](i2164-2591-5-2-5-f04){#i2164-2591-5-2-5-f04}

Test--Retest {#s3e}
------------

The test--retest reliability (three repetitions) of the median absolute value of the eccentricity varied between 5° of eccentricity. No significant learning effect was observed by analyzing the first and second, or first and third examinations for each age group and isopter ([Fig. 5](#i2164-2591-5-2-5-f05){ref-type="fig"}).

![Test--retest analyses for the median of the absolute eccentricity (in degrees) as a function of age per decade for six of the isopters (I/1a, I/13, I/2e, I/3e, III/43, and V/4e). 1 = First Examination, 2 = Second Examination, 3 = Third Examination.](i2164-2591-5-2-5-f05){#i2164-2591-5-2-5-f05}

Discussion {#s4}
==========

To our knowledge, this is the first study to obtain age-corrected normal kinetic values for the entire VF for the new Octopus 900 perimeter, up to an eccentricity of 90°. Age-related normal values are essential for defining and characterizing VF defects. Several investigators have previously published age-related values for kinetic perimetry of various stimulus size and luminance combinations performed manually on the Goldmann perimeter, with some of these publications reporting both the mean and 95% confidence limits for various isopters.^[@i2164-2591-5-2-5-b09]--[@i2164-2591-5-2-5-b12]^

Testing the entire VF, especially the peripheral area, is important for the evaluation of complex VF loss.^[@i2164-2591-5-2-5-b09]^ Furthermore, drugs or other therapeutic interventions (such as intravitreal drug delivery systems or systemic medication) may interfere with the entire retina and visual system. For example, in patients receiving an intravitreal anti--vascular endothelial growth factor (VEGF) therapy, these substances could reduce the neuroprotective effects of VEGF, and thus promote the loss of neural cells in the peripheral retina while preserving function in the central regions. Early glaucomatous VF defects usually occur within the central 30° area, but occasionally VF damage is in the (nasal) peripheral region.^[@i2164-2591-5-2-5-b13]--[@i2164-2591-5-2-5-b15]^ For neuro-ophthalmologic and retinal disorders, evaluation of the far peripheral VF is also critically important. These are reasons for testing the entire VF, and the peripheral testing takes just 28% of the full VF evaluation.^[@i2164-2591-5-2-5-b16]^ Promising results using a combination of kinetic and static perimetry for subtle peripheral defects were reported by other authors.^[@i2164-2591-5-2-5-b17]^

We created a mathematical model that describes the age- and RT-corrected normative values for the entire VF as measured by kinetic examination with the new Octopus 900 perimeter. The model fit was excellent with *r*^2^ = 0.94. The adjusted *r*^2^ was in the same range. The local threshold values are of interest for the progression of advanced VF losses and for a screening examination of the peripheral VF in ophthalmologically healthy subjects.^[@i2164-2591-5-2-5-b07]^ Vonthein et al.^[@i2164-2591-5-2-5-b04]^ created a model with a fit of *r*^2^ = 0.86, using the Octopus 101 perimeter.

The size of the VF changes with age. A steady decrease occurred with age that was greater in the temporal than in the nasal region. Isopters become closer together with increasing age. This aging process starts in childhood and continues to senescence.^[@i2164-2591-5-2-5-b18]--[@i2164-2591-5-2-5-b20]^ This is produced by lens density/cataracts,^[@i2164-2591-5-2-5-b21],[@i2164-2591-5-2-5-b22]^ reduction of the pupil size, neural losses in the retina and optic nerve,^[@i2164-2591-5-2-5-b23]^ a greater loss of scotopic than photopic sensitivity through adulthood,^[@i2164-2591-5-2-5-b24]^ a decrease of photoreceptors,^[@i2164-2591-5-2-5-b25]^ displacement of nuclei,^[@i2164-2591-5-2-5-b26]^ and other anatomical changes with aging.^[@i2164-2591-5-2-5-b19]^ A reduction of the axonal diameter and a redistribution of the fiber diameter of the optic nerve has also been observed.^[@i2164-2591-5-2-5-b27]--[@i2164-2591-5-2-5-b29]^ An accelerated loss of the differential luminance sensitivity and spatial resolution was found in older subjects.^[@i2164-2591-5-2-5-b30]--[@i2164-2591-5-2-5-b32]^ A greater influence of the stimulus velocity with increasing age for the central isopters has been reported.^[@i2164-2591-5-2-5-b33]^ For smaller and dimmer stimuli only, an age-dependence was observed.^[@i2164-2591-5-2-5-b04]^ Paetzold et al. (personal communication, 2004) found a decrease for those stimuli of 1° per decade. Without knowledge of the stimulus size, we observed a median decrease for all age groups of 0.8° eccentricity per decade. We expected a diminution of the median eccentricity with age for all age groups. This aging effect was seen for light and bright stimuli as well as smaller and dimmer targets (III/4e, I/3e, I/2e, and I/1e). The ceiling effect of the greatest stimuli is also mentioned here, firstly because of the technical limits of the Octopus perimeter and secondly there is currently no larger or brighter stimulus size than V4e.

The measurement of the RT is of special interest in subjects with retinal or neurological diseases and in older participants.^[@i2164-2591-5-2-5-b02],[@i2164-2591-5-2-5-b33]^ The individual RT corrected response can minimize the systemic, subject-related measurement errors of the local kinetic thresholds (Wabbels BK, et al. IOVS. 2001;42: ARVO Abstract S852). Without measuring the RT, it can be difficult to decide whether a VF loss is the result of true damage or from an increased RT.^[@i2164-2591-5-2-5-b04]^ The RT increases with eccentricity and with age,^[@i2164-2591-5-2-5-b20]^ and decreases with higher stimulus luminances (Paetzold et al., personal communication, 2004). We observed an increase of the RT of 1.74ms/°, which is in the same range as observed by other authors^[@i2164-2591-5-2-5-b35]--[@i2164-2591-5-2-5-b38]^ for the 30° or 50° eccentricity VF. The RT was shortest in the fovea and became greater with increasing eccentricity; a shorter RT was observed in the nasal than the temporal field.^[@i2164-2591-5-2-5-b36],[@i2164-2591-5-2-5-b37]^ By accounting for individual differences in RT, this technique provides a greater level of standardized testing for clinical centers. Additionally, RT has been found to be a significant factor in VF determinations.^[@i2164-2591-5-2-5-b39],[@i2164-2591-5-2-5-b40]^

Schiefer et al.^[@i2164-2591-5-2-5-b02]^ found the local variability to be greatest temporally with eccentricity, greatest inferior-nasally related to the anatomical region of the nose, and smallest inferior-temporally overall. The instrument used and the anatomy had a greater effect on the peripheral isopters with a large and bright stimulus.^[@i2164-2591-5-2-5-b04]^ Parrish et al.^[@i2164-2591-5-2-5-b41]^ observed a greater variability in the peripheral area, especially temporal, because of a flatter slope of the VF profile of sensitivity in this region.

Knowledge of the normal test--retest reliability is essential for the interpretation of the results of kinetic perimetry. All examinations and retest data are based on many factors, including time of day, training, fatigue, attention, room temperature, and the technician.^[@i2164-2591-5-2-5-b29],[@i2164-2591-5-2-5-b39]^ Learning effects^[@i2164-2591-5-2-5-b42]^ were found to be more pronounced in the peripheral VF than in the paracentral regions.^[@i2164-2591-5-2-5-b39]^ Although Drance et al.^[@i2164-2591-5-2-5-b19]^ found no significant learning effect in his series, others have concluded that learning effects occur and may interfere with correct interpretation of series of follow-up VFs.^[@i2164-2591-5-2-5-b42]^ Test--retest reliability overall was less than 1.2° was measured by Schiefer et al.^[@i2164-2591-5-2-5-b10]^

Conclusion {#s5}
==========

A mathematical model is introduced that allows a prediction of local kinetic threshold for the different isopters, based on age-related and RT-corrected normative data for the entire 90° VF, using the new Octopus 900 perimeter. This mathematical model serves as a foundation for establishing age-related properties of the entire VF for automated kinetic perimetry, and provides a basis for quantitative analysis and interpretation of VFs in a manner similar to that available for automated static perimetry.
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Appendix A: A Summary of the Full Results of the Mathematical Model for Automated Kinetic Perimetry {#sa1}
===================================================================================================

###### 

Intercept: 34.1081779

Age:
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###### 

Stimulus condition:
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###### 

Shape
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Two Way Interactions {#sa1a}
--------------------

###### 

Age × Stimulus condition:
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###### 

Shape × Stimulus condition:
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Three Way Interaction {#sa1b}
---------------------

###### 

Age × Shape × Stimulus condition
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SD: 6.01281607

Appendix B: The Full Results of the Mathematical Model for Automated Kinetic Perimetry {#sa2}
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